1. Introduction {#sec1}
===============

Semiconductor nanoparticles find wide applications in various fields, such as photovoltaics, lighting, sensing, photocatalysis, and photoelectrocatalysis.^[@ref1]^ Such applications strongly depend on their electronic structures, which can be varied with sizes and morphologies.^[@ref2]^ The key parameters to describe these electronic structures include band gaps, conduction bands (CBs), or valence bands (VBs). The value of band gap of semiconductor nanoparticles may be obtained by measuring their absorption spectra, whereas the determination of explicit energy values of CB and VB is much more difficult. Brus gave an equation to calculate the value of band gap of spherical semiconductor nanoparticles based on their diameter.^[@ref3]^ This formula has attracted extensive interests, and numerous experimental works have been done on the basis of this.^[@ref4],[@ref5]^

Yet, people encountered some problems in the practical applications. It is not easy to determine the value of the diameter even for the nanoparticles, which usually have a size distribution. Compared with diameters, the values of the band gaps of semiconductor nanomaterials can be feasibly determined by their absorption spectra. Therefore, the quantitative determination of the energy levels of CB and VB based on the band gap values may provide useful information for designing semiconductor devices in the future.

In the present work, the tight-binding method is employed to obtain a new linear equation to quantitatively predict the energy levels of CB and VB of semiconductor nanoparticles based on their band gaps: and . For tetrahedral and octahedral element crystals or binary semiconductor nanoparticles, which represent most of the important semiconductors, the above equations can be simplified as and .

2. Results {#sec2}
==========

The behavior of electrons in a crystal can be described by the Schrodinger equation

The exact solution of this equation in many body systems still remains unknown. Therefore, such equation can be solved based on the tight-binding approximation. The tight-binding method uses the wave function of isolated atoms to the zero-order approximation, as well as the crystal Hamiltonian H which may be approximately expressed as a single-atom Hamiltonian at the lattice points. Taking into account the first order of approximation, the energy of an atom in a crystal structure can be written as the following equation^[@ref6]^where *E*~s~ corresponds to the atomic energy, β is the averaged potential energy of the electrons in the atom in the field of all the other atoms, and γ is the exchange energy.

For semiconductors, we may obtain the following equationswhere *p* and *q* can be determined by a given crystal structure. [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} shows the electronic structure of a semiconductor.
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Let , thenandorand

[Equations [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} and [6](#eq6){ref-type="disp-formula"} mean the values of CBs or VBs of a given semiconductor have a linear relationship with its band gaps, which is also confirmed by experimental results, from simple crystal Si^[@ref7]^ to complex Ag~*x*~In~*x*~Zn~2--2*x*~S~2~.^[@ref8]^ For a given semiconductor, the values of band gap *E*~g~^bulk^, CB *E*~CB~^bulk^, and VB *E*~VB~^bulk^ in the bulk structures can be found from previous literatures. Putting these values in [eqs [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} and [6](#eq6){ref-type="disp-formula"}, we may get the following equationsand

For quantum dots or nanoparticles, the exchange energy γ approaches its limiting value as the inverse of the square of the side length.^[@ref9]^ Therefore, for semiconductor nanoparticles, .

In order to determine the exchange energy, various parameters are adopted, such as effective mass.^[@ref10],[@ref11]^ Then, .

We obtain

Most semiconductors possess tetrahedral and octahedral crystal structures. The former includes diamond, sphalerite, and wurtzite structures, whereas the latter has halite and antifluorite ones.^[@ref12]^ If the semiconductor is an element or a binary one, [eqs [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"} may be simplified.

Silicon is an element semiconductor with the diamond structure, one of tetrahedral structures. There are four nearest neighboring atoms with respect to the origin, which are located at .

We may get the following results

Therefore, *p* = *q* = 4.

For a binary semiconductor with the octahedral structure, there are six nearest neighboring atoms with respect to the origin. Taking halite structure as an example, these six atoms are located at .

We may get the following results

Therefore *p* = *q* = 6.

There are other crystal structures too. For Li~3~Bi, with a space group of *Fm*3̅*m* (225),^[@ref13]^ there are six neighboring Li atoms located at and eight neighboring Li atoms at , with the Bi atom at the origin point. We may get the following results

Therefore *q* = 6*r*~1~ + 8*r*~2~ and *p* \< *q*.

Therefore, for tetrahedral and octahedral structure element or binary semiconductors, [eqs [9](#eq9){ref-type="disp-formula"}](#eq9){ref-type="disp-formula"} and [10](#eq10){ref-type="disp-formula"} may be simplified as

Now, we apply [eqs [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"} and [12](#eq12){ref-type="disp-formula"} to Si nanoparticles. For Si, *m*~e~ = 1.1*m*~o~ and *m*~h~ = 0.59*m*~o~; and *E*~g~^bulk^, *E*~CB~^bulk^, and *E*~VB~^bulk^ are 1.1, −4.0, and −5.1 eV, respectively. Putting these values in [eqs [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"} and [14](#eq14){ref-type="disp-formula"}, we may get the following equationsand

3. Discussion {#sec3}
=============

For silicon quantum dots with different diameters,^[@ref7]^ the corresponding data can be determined with pseudopotential calculations. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the energy levels of CB and VB are highly correlated with our linear [eqs [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"} and [14](#eq14){ref-type="disp-formula"}. The maximum absolute deviation and maximum relative deviation for CB are 0.176 eV and 5.925%, whereas these values for VB are 0.176 eV and 2.486%, respectively, indicating the effectiveness of [eqs [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"} and [12](#eq12){ref-type="disp-formula"}.

![Linear relations between band gap vs CB and VB for Si quantum dots. The raw data were obtained from Table 3 in ref ([@ref7]).](ao9b04238_0001){#fig1}

For complex Ag~*x*~In~*x*~Zn~2--2*x*~S~2~ with different diameters,^[@ref8]^ their values of CBs or VBs also have linear relation with their band gaps. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the energy levels of CB and VB may be written as ECB = −4.76 + 0.68*E*~g~ and EVB = −4.76 -- 0.32*E*~g~. The maximum absolute deviation and maximum relative deviation for CB are 0.074 eV and 2.406%, whereas these values for VB are 0.074 eV and 3.482%, respectively.

![Linear relations between band gap vs CB and VB for Ag~*x*~In~*x*~Zn~2--2*x*~S~2~ nanoparticles. The raw data were obtained from Figure 7b in ref ([@ref8]).](ao9b04238_0002){#fig2}

4. Conclusions {#sec4}
==============

In summary, in this work, we show that the locations of CB and VB of semiconductor nanoparticles are linearly correlated to their band gaps. Based on the linear equation developed from the tight-binding theory, the predicted energy levels of CB and VB are in good consistence with the experimental measurements or first-principles calculations.
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